Nanogaps functionalized with small diamond-like particles, diamondoids, have been shown to effectively distinguish between different DNA nucleotides. Here, we focus on the detection of mutations and epigenetic markers using such devices. Based on quantum mechanical simulations within the density functional theory approach coupled with the non-equilibrium Green's function scheme, we provide deeper insight into the inherent differences in detecting modified nucleotides. Our results strongly underline the influence of the type of functionalization molecule of the nanogap, as well its conformational details within the nanogap, on the sensing efficiency of the device. The electronic features for the mutations and epigenetic markers are compared to those for the respective canonical nucleotides that are detected by different devices. The calculations directly correlate the structural and electronic properties of the different nucleotides with the electronic transmission across the diamondoid-based device. The latter was found to be controlled by the functionalizing molecule and its binding to the nucleotides. We report on the direct connection of these characteristics to the sensitivity of the diamondoid-functionalized nanogaps, which could eventually be embedded in a nanopore device, and discuss the implications for DNA sensing.
I. Introduction
The sequencing of DNA using nanopores has been the aim of a series of studies in the past 20 years. [1] [2] [3] [4] [5] The process is based on the electrophoretic motion of a biomolecule, such as DNA, through a nanometer-sized pore within a salt solution 6 and allows the realization of single-molecule experiments. The use of solid-state nanopores, 7 including silicon-nitride 8 and graphene, 9 has shown a high potential for low-cost and ultra-fast DNA sequencing.
10 Different protocols for reading-out the DNA sequence have been proposed. One of them is the use of transverse tunneling currents. 11, 12 In that case, metallic electrodes are embedded into the nanopore and an additional electric eld drives the tunneling current from one electrode to the other. This current can be electrically read-out and used to distinguish between the DNA nucleotides translocating through the nanopore. A common drawback of this scheme is the fact that oen the tunneling signals for the four nucleotides overlap, leading to a low signal-to-noise ratio. 13, 14 A possible way to enhance the tunneling current and improve the signal-to-noise ratio is to use functionalized nanopores. 1 An enhancement by at least one order of magnitude compared to the signals from a non-functionalized nanopore 15 would be possible for all four DNA nucleotides. In the functionalized nanopores, the metallic electrodes embedded in the nanopore are functionalized by a small molecule of the size of the nucleotides. The functionalizing molecule binds through hydrogen bonds to each translocating DNA unit in a very specic way.
Different molecules have been chosen for the functionalization of nanopores in order to increase their ability to read-out the nucleotides. [16] [17] [18] We have recently shown that using small diamond-like functionalizations for the electrodes can very much improve the read-out process of DNA nucleotides. 19, 20 The functionalizing molecules are derivatives of diamondoids, 21 which are tiny diamond-caged molecules 22, 23 forming a family of nanoscale building blocks with a variety of sizes and modi-cations. [24] [25] [26] [27] They have a size close to that of a nucleotide and tunable properties. 28, 29 Diamondoid derivatives are prone to form hydrogen bonds with DNA nucleobases.
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In diamondoid-functionalized electrodes embedded in a nanopore, the respective tunneling signals are nucleotide-specic and tuning the gating voltage in the diamondoid-based sensing device can improve the detection of DNA sequences. 19 As a part of improving technologies for sequencing DNA, the development of more efficient techniques for also detecting DNA mutations [32] [33] [34] [35] is a very active eld of research. Being able to read-out mutations or modications in DNA molecules can be a keystone in revolutionizing cancer therapies. As a representative example, using two-dimensional molecular electronics spectroscopy to measure differential conductance is able to lead to distinguishable signatures from different types of DNA nucleobases and methylated nucleobases. 36 Within this scope, we further investigate the sensitivity of diamondoidfunctionalized electrodes for the detection of mutations and epigenetic markers. The aim is to provide a better understanding of the inherent characteristics of the detection properties of canonical and modied DNA units. Accordingly, the paper is organized as follows: the methodology is rst presented in Section II, followed by the comparative analysis from different sensors in Section III. Finally, Section IV draws conclusions from our work.
II. Methodology
In this work, we set up a sensing device made up of gold electrodes functionalized using three different amine-modied diamondoid derivatives: 20, 21 rimantadine ('rim'), amantadine ('ama'), and memantine ('mem'). The diamondoid is attached on the gold (111) surface of one of the electrodes. Two natural DNA nucleotides, deoxycytidine monophosphate (dAMC, in the following abbreviated simply as C) and deoxyguanosine monophosphate (dAMG, in the following abbreviated simply as G), and their modications, a mutation (the 8-oxodeoxyguanosine monophosphate -8-oxo-Gua, in the following abbreviated simply as d8oG 37 ), and an epigenetic marker (the 5-methyl deoxycytidine monophosphate -5-mdCMP, in the following abbreviated simply as d5mc 38 ) are separately placed between the functionalized electrodes. An extensive analysis of amantadinefunctionalized gold electrodes and the natural nucleotides was carried out previously. 19, 20 Here, we extend the investigation to study the efficiency of such diamondoid-functionalized electrodes in detecting mutations and epigenetic markers.
The study is carried out through density functional theory based (DFT) 39, 40 simulations as implemented in the code SIESTA. 41 The generalized gradient approximation of PerdewBurke-Ernzerhof (PBE-GGA), 42 and the norm-conserving Troullier-Martins pseudopotentials 43 were used. A double-z polarized basis-set (DZP) for the nucleotides, and diamondoid derivatives and a single-z, with polarized (SZP), with (5d 10 , 6s 1 ) orbital states for the gold atoms were considered. 15, 19 An energy shi of 0.01 Ry with a real space sampling grid (mesh cutoff) of 200 Ry, and 5 Â 5 Â 1 k-points using the Monkhorst-Pack scheme were also used. The ionic relaxations were performed until the net atomic forces of each atomic component are smaller than 0.01 eVÅ
À1
. The gold (111) unit cell was fully relaxed and we obtained a lattice constant of 4.186Å, which compares well with the data reported in literature. 44 For the device functionalization, a supercell of 14.8 Â 14.8 Â 40.8Å for rim and ama and 14.8 Â 14.8 Â 39.8Å for mem was used. Five unit cells in the x and y directions and ten along the z direction with a gap of 19Å for rim and ama and 18Å for mem were repeated to build the supercell. Semi-innite electrodes were used for the calculations. The different gap sizes were taken due to the different conformations of the diamondoids, which, in the case of rim and ama, required a larger gap. However, this has no effect on the consistency of our results. A thiolated amine-modied diamondoid was then placed close to the le gold layers and relaxed until the thiol group of the diamondoid was bonded to the gold surface. Finally, a nucleotide was added close to the diamondoid with an orientation favoring the formation of hydrogen bonds with the diamondoid. The sugar-phosphate group is pointing towards the right inner gold layer. The choice of the distance between the gold layers is based on the condition that even the largest nucleotide (G) could t inside the electrode gap.
Each nucleotide interacts with the functionalized electrodes through hydrogen bonds with the functionalizing diamondoid. 31, 45 In this binding, amantadine and memantine are always donors. In the case of a rimantadine functionalization, the diamondoid can be a donor or an acceptor in the hydrogen bonding with the nucleotides. This depends on the relative arrangements of these two molecules. For the rimantadine case, we account for the two different arrangements in which rimantadine acts as (a) an acceptor (in the following referred to as rim-1) or (b) a donor (in the following referred to as rim-2) to the hydrogen bonding. A schematic representation of the respective two rimantadine-based devices is shown in Fig. 1 for two of the natural nucleotides, a mutation, and an epigenetic marker. The variation of the arrangements of the molecules is clearly seen in this gure. Comparison of panels (a) and (b) with (c) and (d) reveals the different role of the functionalization in bonding with the nucleotides, as the amine group of the rimantadine molecule can act either as the acceptor or the donor.
An assessment of the efficiency of the diamondoid-based devices in detecting modications in DNA was made with the aid of electronic transport calculations. These are performed using DFT combined with the Non-Equilibrium Green's Fig. 1 A schematic representation of the sensing device for different conformations. A rimantadine molecule is used to functionalize the left electrode, through a thiol group. In (a) and (b) the rim-1 conformation is shown, in which the functionalizing molecule is an acceptor to the hydrogen bonding with C and d5mC, respectively. In (c) and (d) the rim-2 conformation corresponds to rimantadine serving as a donor in the hydrogen bonding to G and d8oG, respectively. The gold, carbon, hydrogen, nitrogen, oxygen, sulfur, and phosphorus atoms are depicted in yellow, gray, turquoise, blue, red, orange, and purple, respectively.
Function (NEGF) formalism, as implemented in TranSIESTA. 46 Details on the exact setup can be found elsewhere. 19 The electronic transmission through the sensing device, including a le (L), a right (R) electrode, and a scattering region, can be written as:
where the matrix
. The terms S L(R) are the self-energies of the semi-innite electrodes. The zero-bias G(E) Green's function can be written as:
where S S and H S are the overlap matrices and the Hamiltonian for the scattering region, respectively. E and r are the energy and charge densities, respectively. Within this scheme, the charge density is calculated self-consistently using Green's functions, until convergence is achieved. Additional information on the method can be found elsewhere. [46] [47] [48] The calculations for the density of states from the transport simulations were performed using the Inelastica package.
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III. Results and discussion
A. Conductance
Our analysis will rst focus on the transport properties of the devices shown in Fig. 1 , as well as the ama-and memfunctionalized electrodes. These properties are directly mapped through the electronic transmission described in eqn (1) and are summarized in Fig. 2 for the two modied nucleotides, d5mC and d8oG, and their natural counterparts, C and G, respectively. The results directly correlate to the gating conductance, g, across the functionalized electrodes. The gating conductance as a function of the gate voltage, V g , can be dened as:
where
T is the electronic transmission function in eqn (1), where the energy has been replaced by the chemical potential in order to account for the gating. Note, that all calculations are performed at zero bias. Inspection of Fig. 2 reveals some interesting trends. As a rst note, each functionalized device seems to be able to sense in a quite different way, as the trends in the electronic transmission signicantly vary within the energy range analyzed. In most of the cases, strong and clear peaks are evident down to energies of about À0.9 eV for all panels in Fig. 2 . The rst transmission peak, i.e., the peak closest to the Fermi energy, is the one corresponding to guanine (G). This holds in all cases in which the diamondoid-functionalization acts as an acceptor to the hydrogen bonding with the nucleotide (panels (a), (c), and (d) of Fig. 2) . The peak for G closest to the Fermi energy was found in the case of the amantadine-functionalization at À0.25 eV in Fig. 2(c) . Similarly, the rst peak for G in the rim-1 and mem cases was found at À0.53 eV and À0.46 eV in panels (a) and (d) of Fig. 2 , respectively. For the single case (rim-2) in which the diamondoid is a donor to the hydrogen bond with the nucleotide, the peak for G is shied to À0.33 eV from the Fermi Fig. 2 Transmission spectra plotted as a function of the electronic energy on a semi-log scale for the two nucleotides (C, G) and their modifications (d5mC, d8oG) for the four different diamondoid-functionalized electrodes. The panel labels describe the rimantadine for both (a) rim-1 and (b) rim-2 arrangements, and (c) amantadine (ama), and (d) memantine (mem) devices. The Fermi energy (E F ) has been shifted to zero.
No bias was applied to obtain these results.
level (see Fig. 2(b) ). In this case, for G, the electrons can be less efficiently transmitted across the device. Although G shows a stronger transmission peak at smaller energies for the rim-1, ama, and mem devices ( Fig. 2(a) , (c) and (d)), it decreases by about 3-fold in strength in the rim-2 arrangement (Fig. 2(b) ). More specically, the most prominent peak for G is also strongly shied further away from the Fermi level (at À0.87 eV) when it becomes an acceptor to the hydrogen bonding with the electrodes, as is evident from Fig. 2(b) . Apparently, for G the role of an acceptor is not that efficient for electronic transport. A possible physical explanation for the shis in the peaks for the different devices and the various nucleotides could be given in terms of the coupling. A strong coupling between the nucleotide and the diamondoid corresponds to a strong coupling between the DNA (or nucleotide) electronic states and those of the device. This exactly manifests the role of the functionalization.
Further analysis of the transmission spectra in Fig. 2 shows that the hierarchy in the conductance varies for the four different devices. The rim-1, ama, and mem cases show similar trends; the guanine-based nucleotides are better resolved at energies closer to the Fermi level than the cytosine-based nucleotides (see Fig. 2 (a), (c) and (d)). For the rim-2 and mem cases in Fig. 2 (b) and (d), d5mC is the second nucleotide with the prominent peak closer to the Fermi level, while d8oG is the nucleotide with its prominent transmission peak further away from the Fermi energy. The order of the transmission signals for each nucleotide with respect to the position of the rst transmission peak would be: G > d8oG > C > d5mC for rim-1, C > d5mC > G > d8oG for rim-2, G > d8oG > d5mC > C for ama, and G > d5mC > C > d8oG for mem. In this trend, the energy for each nucleotide peak is different. The respective trends for the zerobias conductance, i.e., the transmission at the Fermi energy, are the same for rim-1, but for the other cases these are: C > d8oG > G > d5mC for rim-2, G > d5mC > d8oG > C for ama, and d5mC > C > G > d8oG for mem. Here, the energy for all nucleotides corresponds to the Fermi level. Note, that the transmission peaks for all nucleotides begin to overlap at low energies, leading to the recommendation that experimental setups should use a gate that operates at a low voltage.
Distinguishing the natural from the modied nucleotides, that is C from d5mC and G from d8oG, cannot be done with a similar efficiency for all diamondoid functionalizations. Again, panels (a) and (c) in Fig. 2 strongly denote that for rim-1 and ama the two peaks corresponding to the natural and modied nucleotides (compare the light and dark blue (green) lines) are strongly distinguishable. A read-out with rim-2 or mem might not be as efficient, as the corresponding transmission peaks are closer to each other (Fig. 2(b) and (d) ). For rim-1, the two peaks for C and d5mC are very close and only z0.1 eV apart (Fig. 2(a) and (d) ). Depending on the bandwidth with which a real device would work, this difference might be buried in the noise inherent in the electronic measurements. For the ama case, the peaks for G and d8oG are further apart (Fig. 2(c) ). Note, that though the rst transmission peaks below the Fermi energy are well resolved in most of the devices, there are also cases like d5mC in the mem-based device, which show more transmission peaks in the same energy window. This might strongly inuence the sensitivity of the device, and this will be analyzed in the following section. The fact that for some energies no clear trends are observed indicates that the structural arrangements of the molecules (diamondoid and nucleotide) do not provide clear pathways for the electrons to tunnel across the devices. According to the transmission data presented here, we propose that experiments should work in the gating windows [À0. 5 Fig. 2 ), which will be considered in the analysis of the device sensitivity.
B. Electronic properties
In order to understand the underlying physics in all devices and nucleotides, we turn to the analysis of the electronic properties, such as the total electronic density of states (DOS) and the projected density of states (PDOS). The total DOS for the memantine-based device are shown in Fig. 3 for the canonical and modied nucleotides studied here. The gure includes the contributions from the gold electrodes, the diamondoid, and the nucleotide. It appears that the gold electrodes do not contribute signicantly to the PDOS as they add only to the background and do not inuence the peaks. It is also clear from all panels of this gure that the nucleotides are strongly inu-encing the structure of the DOS, as the corresponding peaks arise predominantly from the contribution of the nucleotides. This was evident for all cases (data not shown for all). Another important nding when comparing the total DOS with the transmission data from Fig. 2 is that all transmission peaks can be seen as a result of an increased occupancy level at that same energy level as seen in the DOS plot (Fig. 3) . In that sense, inspection of the DOS, i.e. the available electronic levels, can directly give an insight into the energy at which a peak in the transmission is expected. Although the diamondoids did not play an explicit role in determining these levels, they inherently inuence the electronic behavior of the devices through their specic interaction with the nucleotides.
In order to further understand the differences among the diamondoid-functionalizations, we summarize the results of the PDOS for all functionalized electrodes and the four canonical and modied nucleotides in Fig. 4 . The contribution of the gold atoms and the diamondoids are added to the nucleotide part and the total DOS data is shown in Fig. 4 . A comparison of the PDOS for all functionalized electrodes (rim-1, rim-2, ama, mem) reveals a different order of the peaks, as is also indicated by the transmission curves. For C (top-le panel), the rim-2 case shows the rst peak (at À0.23 eV) closer to the Fermi energy, while for rim-1 and ama, the rst PDOS peaks are further away and at similar energies (À1.14 eV and À1.18 eV, respectively). For d5mC (top-right panel), again rim-2 shows the rst PDOS peak (at À0.28 eV), while the rim-1 device develops a peak almost 1 eV lower. For G (le-bottom panel), the peaks closer to the Fermi level are observed in the case of rim-2 and ama at À0.33 eV and À0.25 eV, respectively. The fact that these peaks are very close denotes that these two devices are similarly efficient in detecting G. This, though, should be conrmed by the strength of the corresponding transmission peaks in Fig. 2(b) and (c). Inspection of that gure reveals that for the ama-device the peak is about 3 orders of magnitude stronger. Hence, an ama-based device would be more efficient than a rim-2 one for reading-out G, as is also suggested by the following sensitivity analysis.
For the mutation d8oG (right-bottom panel), the peaks are again shied to lower energies, further away from the Fermi Fig. 3 The total electronic density of states (DOS) for the mem-based functionalized electrodes as denoted by the legends. The results are shown for C, d5mC, G, and d8oG, as indicated by the labels in the top corner of each panel. The Fermi energy, E F , has been shifted in all cases to 0 eV. Fig. 4 The projected electronic density of states (PDOS) are shown for the different diamondoid-based functionalized devices (described in the legends) sensing the C, d5mC, G, and d8oG nucleotides, as denoted by the labels on the top left part of each panel. The Fermi energy, E F , has been shifted in all cases to 0 eV. level, with the rst peak closest to the Fermi level occurring for the rim-2 case and the next for the ama case, at À0.59 eV and À0.76 eV, respectively. Summarizing these results shows (a) the signicance of the structural arrangement of the two important ingredients of the sensing devices, the nucleotide and the diamondoid, alternating the donor and acceptor role in their binding and (b) the structural specicity in this binding, through the different chemical structures of the nucleotides and diamondoids. According to all observations made above, the different trends in the peak order in the PDOS indicate a variability in the sensing efficiency of each diamondoid-based device.
C. Sensing characteristics
Taking into account the specic electronic features of the natural and modied nucleotides, we compare these features within the context of the device sensitivity. The sensitivity provides an alternative quantitative view of the transmission spectra in Fig. 2 , related to the differences in sensing the various nucleotides, and the importance of the chosen gating voltage. Based on the description of the conductance from eqn (3) we can dene the sensitivity S(V g ) 19 of the device in detecting a certain nucleotide as:
In this equation, g ref is the reference zero-bias conductance under a certain gating voltage, which corresponds to the transmission peak of a specic nucleotide at a gating voltage V g , and g x is the gating conductance at the same gate voltage for any other nucleotide. The sensitivity reveals how well resolved the conductance of a reference nucleotide will be with respect to other nucleotides.
Here, we take separately the nucleotides, C, d5mC, G, and d8oG as references. The results for all diamondoid-based devices are summarized in Fig. 5 . Each panel of this gure reveals how well each device can resolve the reference nucleotide with respect to the other three nucleotides. Within the gating window described previously we take the energy (or gating voltage) for each resonance peak, which is different for each device and each nucleotide. For example, for C taken as a reference in panel (a), its resonance peaks were found at À1.26 eV, À1.38 eV, À1.30 eV, and À1.06 eV for rim-1, rim-2, ama, and mem, respectively. These are the energies at which the sensitivities in panel (a) are given for each device. Similarly, for d5mC (panel (b)), these peaks are found at À1.20 eV, À1.30 eV, À1.02 eV, and À0.84 eV for the rim-1, rim-2, ama, and mem devices, respectively. For G (panel (c)) these peaks are at À0.53 eV, À0.87 eV, À1.06 eV, and À0.46 eV for the rim-1, rim-2, ama, and mem devices, respectively. For d8oG (panel (d)) these peaks are at À0.93 eV, À1.13 eV, À0.76 eV, and À1.05 eV for the rim-1, rim-2, ama, and mem devices, respectively. The features described next are all related to these rst resonance peak energies for each reference nucleotide.
According to panel (a) of Fig. 5 , the rim-1 device can resolve C 5-6 orders of magnitude better than the other four nucleotides, while mem can resolve C about 5-6 orders of magnitude better than G and d8oG and about 3 orders of magnitude better than d5mC. In a similar way, panel (b) reveals that the mem-device has quite a different sensitivity for separating among the nucleotides, as it can resolve d5mC 5, 6, and 8 orders of magnitude better than C, G, and d8oG, respectively. Panel (c) shows that mem is again the most efficient (almost 9-fold) in distinguishing G from its mutation d8oG, while the other 3 Fig. 5 The device sensitivity is plotted with respect to the nucleotides studied here. In (a), (b), (c), and (d) the C, d5mC, G, and d8oG nucleotides are taken as references, respectively. The data represent all devices, as indicated by the legend. Due to the different reference molecules, the data for each device correspond to different gating voltages (see text).
devices are about 3-fold less efficient than mem for this. This comparisons are made at different reference energies, as the reference nucleotide has a resonance peak at different energies for each device. However, they clearly underline the variations among the devices and the importance of a careful choice of the gating voltage at which sensing is taking place.
A comparison at the same gating voltage (i.e. transmission energy) shows the difference between the two arrangements in the rim-1 and rim-2 devices. According to panel (a), in the former setup, C is resolved 5, 6, and 6 orders of magnitude better than G, d8oG, and d5mC, respectively. In the rim-2 setup, C is 4, 5, and 4 times better resolved than G, d8oG, and d5mC, respectively. C can be resolved from d5mC in the same way using the ama and mem devices. Panel (b) implies that the rim-1 device can resolve d5mC about 3, 5, and 5 times better than C, G, and d8oG, respectively. This sensitivity changes to 3-, 4-, and 3-fold for the rim-2 case. However, panel (d) implies that a rimantadine functionalization can better distinguish d8oG from the other molecules, with an efficiency of 6, 7, and 6 for rim-1 and 6, 7, and 8 for rim-2 for C, G, and d5mC, respectively.
Inspection of Fig. 5(b) and (d), shows clearly, that the amabased device can resolve d5mC about 5-6 orders of magnitude better than C, G, and d8oG, respectively and d8oG about 7-fold better than C, G, and d5mC, respectively. The mem device can resolve d5mC about 5, 6, and 8 orders of magnitude better than C, G, and d8oG, respectively and d8oG about 2, 5, and 2 times better than C, G, and d5mC, respectively. This gure also implies that some of the devices cannot distinguish between certain nucleotides at certain gate voltages. For example, the rim-1-based device seems to not be efficient in distinguishing between d8oG and d5mC when C is taken as the reference (corresponding to a gate voltage of À1.26 eV). It also cannot separate C from d8oG when G is the reference (gate voltage of À0.53 eV). Similarly, for the ama-based device, when d8oG is taken as the reference (gate voltage of À0.76 eV), C and G cannot be recognized. For the same device working at a gate voltage (À1.30 eV) corresponding to C as the reference, G and d8oG give similar signals.
IV. Conclusions and relevance to DNA sequencing
An insight into the possibilities of detecting nucleotides and their modications was provided in this work. For this, we focused on two of the canonical nucleotides, cytosine (C) and guanine (G), a mutation (d8oG), and an epigenetic marker (d5mC). For their detection we used four different diamondoidfunctionalized electrodes. Transport calculations can provide information on the electronic transmission across each of these devices. Our results successfully revealed the differences and the efficiency of the sensing devices in distinguishing the canonical nucleotides from their modied counterparts. In most of the cases, the guanine nucleotide was the one better resolved, meaning that a strong transmission peak was found closer to the Fermi energy than for the other nucleotides. This implies that such a peak would be more easily detected in experiments. It was also shown that the most distinguishable conductance peaks are found close to the Fermi level, since further below À0.9 eV the electronic signals for the different nucleotides start to overlap. This suggests that potential experiments should tune the gating voltage of the devices in order to sense in a certain energy window below the Fermi level and up to around À1 eV.
Another important nding involves the detection of modied nucleotides from their canonical counterparts. Although these are structurally very close, they show a different interaction with the sensing device through the diamondoid functionalization. These differences alter the pathways that the electrons can follow to tunnel in the functionalized device from one electrode to the other. Accordingly, depending on the exact conformational arrangement of the two molecules (diamondoid and nucleotide), the electronic transmission can show quite distinguishable features for some devices. Our results have shown, for example, that in the rim-1 and ama devices, the mutations or epigenetic markers can be strongly distinguished from the canonical nucleotides. For the other devices, there still exist clear peaks, which are closer in energy and might become broader for devices not working within a certain bandwidth. Additionally, we have shown that the resonance peaks in the electronic transmission are directly related to the available electronic states in the devices and can indicate the gating voltage that needs to be used to detect a certain nucleotide. In the end, our results strongly underline the fact that the explicit interaction and conformational arrangement of the functionalizing molecule and DNA signicantly control the sensing aspect.
These results are based on an investigation that neglects certain elements, such as the solvent and structural and thermal conformational variability, which are important in a real sensing device. It is expected that these effects would inuence the electronic transmission and the sensing efficiency of the devices. Nevertheless, a proof of concept was given here, which is expected to be very important in designing biosensors. In essence, our results propose the importance of a very careful design of functionalized nanogaps. At the edges of such nanogaps, functionalized electrodes are placed. This setup is very relevant to DNA sensing with nanopores. The nanogaps investigated in this work can potentially be embedded in a nanopore platform threading DNA molecules. Nanogaps in nanopores have already been experimentally realized.
51 Such a design should seriously consider the specic type and interaction of the functionalization with DNA translocating through the nanopore. The DNA will in any case uctuate within the nanopore, and there will be a large congurational space it will visit while interacting with the functionalizing molecule. However, through a strong interaction between the two essential units, the functionalizing molecule and the DNA nucleotides, it should be possible to reduce the noise and consequently increase the sensitivity of the device.
Note that the idea behind the functionalization of a nanogap would be to modify both electrodes.
1 With such an approach, the molecules on both sides could alternately switch their roles, one of them being the 'backbone grabber' for slowing down the translocating DNA, while the second is the 'nucleobase reader', which identies the nucleobase. This work is a rst step towards that approach. We have started the investigation with one functionalization for simplicity, in order to show a proof of the principles of the sensitivity of the diamondoidfunctionalization. A next step would be the use of a double functionalization, i.e. functionalization on both electrodes and should be the subject of a separate study. This work has an additional strong impact in nanopore sensing, as it signals the path through which mutations and epigenetic markers could be detected. The choice of the device and the bandwidth it works at are crucial in being able to distinguish these modied bases from the canonical nucleotides. With the clear input from our theoretical results, it remains to be shown in relevant experiments how other factors need to be tuned in order to bring diamondoid-functionalized nanopores closer to real DNA sequencing techniques and to efficiently scan for chemical alterations in the DNA chain. Finally, this work is the rst step of a long and detailed investigation. In order to provide a proof of principle, we have rst followed the simplest approach and plan to increase the complexity stepwise by considering additional factors. These include additional functionalization (see above), the inuence of conformational variability (also including longer sequences), the inclusion of a solvent, possible contamination of the gold electrodes, the inuence of an applied bias, the uctuation of the functionalizing molecule, etc. It is not possible to tackle all factors simultaneously, which urged us to start from the simplest case and resort in our followup studies to other computational methods (ab initio and/or atomistic molecular dynamics). In this way, we plan to increase the complexity by investigating all additional factors and their inuence on the electronic transmission spectra in order to move closer to a realistic functionalized nanogap for detecting biomolecules.
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